I. INTRODUCTION We report here absolute measurements of the 0' neutron spectra produced by 800 MeV proton collisions with targets of Al, Ti, Cu, W, Pb, and U.
The resolution attained in the measurement of the neutron momentum is considerably better than has been possible in previous experiments at medium energy. In previous publications we have reported 0' neutron spectrum measuremerts from targets of H (Ref. 1), 'H (Ref. 2), eLi and 'Li (Ref. 3), and Be, C, and A1. 4 The present work extends those measurements to heavier targets, thus allowing a study of the systematics of 0' neutron production at 800 MeV.
Previous experiments covering the mass region here have either been at energies below 150 MeV (Refs. 6 and 6) or at angles far from 0' (Ref. 7) with the exception of a recent 0' measurement' on Cu at 724 MeV. This measurement suffered from poor energy resolution and statistical uncertainties which severely limits the value of the data.
In our previous studies' ' with low mass targets, we have found that the 0' neutron spectrum from all targets (with the exception of hydrogen) is characterized by a strong narrow peak at an energy very close to that of the incident proton beam. This peak is due to a quasielastic charge exchange (CEX) reaction involving the incident proton and one of the neutrons of the nucleus. On the low side of the peak, particularly for C and Al, a shoulder is observed at a momentum corresponding to excitation in the residual nuclei of about 30
MeV and is attributed to a collective effect -possibly the analog of a giant dipole excitation as has often been reported at lower incident energies. About 100 MeV below the peak, a valley is observed followed by a broad [-300 MeV/c full width at half maximum (FWHM)] intense peak centered around 1060 MeV/c. This peak we attribute to neutrons associated with quasifree pion production viathe reactions p"n"-npm', p"n"-nn7t', and p"p" -npm', where "n" or "p" indicates anucleonwithin the nucleus. Conversion of a recoil proton spectrum to a neutron spectrum is accomplished by using the following relationships. The number of protons detected in each momentum bin is given by Y (P ) =I"(P")n"do"(P"), where Z"(P") is the number of incident neutrons in the momentum bin centered at P"giving rise to protons in the bin centered at P~, n" is the number of protons/cm' in the LH, radiator, and &v"~(P") is the integral over the solid angle subtended by the spectrometer acceptance of the np charge exchange differential cross section at neutron momentum I'". The quantity ho",(P") is defined as follows, 0, 04 d~CEX Acr"(P") = -(8,P")sinedgde, 0 where (dec«/dQ)(8, P") is the np charge exchange differential cross section at proton angle 6 and neutron momentum P". The integration over P is subject to the constraint that sine sing~0.02, which leads to the integral Ao",(P") =-2.173 x 10 'P"+0.173 mb.
In order to convert the neutron intensity distribution I"(P") into a cross section d'c/dQ"dP" for neutron production, we use the following formula:
where in a toroid" through which the proton beam passes just upstream of the production target. Calibration of this device is accomplished electronically " and also by comparison with radioactivity induced in an Al foil. The absolute error associated with the calibration is estimated to be +10%, but for a short time period (-8 h) such as the one when the present data were taken, the relative error associated with the integration system is estimated to be +4%.
The neutron collimator solid angle is calculated geometrically and corrected for the semitransparency of the edges to neutrons. This correction is calculated to be only 3%.
Both the thickness and density of each target are measured. In each case the measured density agrees with the tabulated density of the elements to within 2/o. The thicknesses of the targets used in the present experiment are given in Table I .
The various sources of error and the estimate of each are given in Table II . The two columns refer to absolute normalization error and to the relative error in comparing spectra from two different targets. Adding the individual errors in quadrature, the absolute normalization error is estimated to be +13% and the relative error between spectra is *4.5%.
III. RESULTS AND DISCUSSION
The 0' neutron spectra resulting 4 om 800-MeV proton bombardment of the six targets used in the present experiment are shown in Fig. 5 . The indicated errors are those due to statistics only.
The similarity in shape of these spectra to those reported previously' ' is rather striking. All are characterized by a narrow peak at a momentum near that of the proton beam and at lower momenta a broad peak centered around 1080 MeV/c. The upper peak is due to quasielastic charge exchange (CEX) in the nucleus: p"n" -np. The lower peak is about 300 MeV/c wide and is thought to be due to quasifree pion production: p"n" -num. Again, a noticeable shoulder is observed on the low momentum side of the narrow peak in Al as was mentioned in Ref. 4. Additionally, the spectra from where T"and T are the neutron and proton thickness functions, respectively, and T"'= [(N-1)j N]T". T"' is used in the exponent since a nucleon inside a nucleus cannot screen itself. The cross section O", is the average of the neutron and proton total nucleon cross sections. In the present calculation the proton and neutron density distributions are assumed to be equal and are described by a Woods-Saxon form. The results of this calculation are plotted in Fig. 6 We would'like to express our gratitude to the staff of LAMPF for their help, which was essential to the performance of this experiment. We also thank R. J. Glauber for his interest in the results and for conversations concerning their interpretation.
